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Abstract: We investigate the scalar sector in an extension of the Minimal Supersym-
metric Standard Model (MSSM) containing a SU(2) Higgs triplet of zero hypercharge and
a gauge singlet beside the SU(2) scalar doublets. In particular, we focus on a scenario of
this model which allows a light pseudoscalar and/or a scalar below 100 GeV, consistent
with the most recent data from the LHC and the earlier data from the LEP experiments.
We analyze the exotic decay of the discovered Higgs (h125) into two light (hidden) Higgs
bosons present in the extension. The latter are allowed by the uncertainties in the Higgs
decay h125 → WW ∗, h125 → ZZ∗ and h125 → γγ. The study of the parameter space for
such additional scalars/pseudoscalars decay of the Higgs is performed in the gluon fusion
channel. The extra hidden Higgs bosons of the enlarged scalar sector, if they exist, will
then decay into lighter fermion paris, i.e., bb¯, τ τ¯ and µµ¯ via the mixing with the doublets.
A detailed simulation using PYTHIA of the 2b+ 2τ , ≥ 3τ , 2b+ 2µ and 2τ + 2µ final states
is presented. From our analysis we conclude that, depending on the selected benchmark
points, such decay modes can be explored with an integrated luminosity of 25 fb−1 at the
LHC at a center of mass energy of 13 TeV.
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1 Introduction
The success of the Standard Model (SM) in explaining the gauge structure of the funda-
mental interactions has reached its height with the discovery of a scalar particle with most
of the properties of the SM Higgs boson - as a 125 GeV mass resonance - at the LHC. With
this discovery, the mechanism of spontaneous symmetry breaking of the gauge symmetry,
which in a gauge theory such as the SM is mediated by a Higgs doublet, has been confirmed,
but the possible existence of an extended Higgs sector, at the moment, cannot be excluded.
The identification by the CMS [1, 2] and ATLAS [3] experiments of a new boson
exchange, has interested so far only the WW ∗, ZZ∗ and γγ channels - using data at 7
and at 8 TeV - at more than 5σ confidence level for the Z and γ cases, and slightly below
in the W channel. However, the fermionic decay modes of the new boson, together with
other exotic decay modes, are yet to be discovered. Clearly, they are essential in order to
establish the mechanism of electroweak symmetry breaking (EWSB), which is crucial in the
SM dynamics, with better precision. The new data collection at the LHC at 13 TeV center
of mass energy - which will be upgraded to 14 TeV in the future - will probably provide
new clues about some possible extensions of the SM, raising large expectations both at
theoretical and at experimental level.
The SM is not a completely satisfactory theory, even with its tremendous success, since it
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does not provide an answer to long-standing issues, most prominently the gauge-hierarchy
problem. This is instead achieved by the introduction of supersymmetry, which, among
its benefits, allows gauge coupling unification and, in its R-parity conserving version, also
provides a neutral particle as a dark matter candidate. The absence of any supersymmetric
signal at the LHC and the recent observation of a Higgs boson (h125) of 125 GeV in mass,
requires either a high SUSY mass scale or larger mixings between the scalar tops [4]. The
situation is severer for more constrained SUSY scenarios like mSUGRA [5], which merge
supersymmetric versions of the SM with minimal supergravity below the Planck scale.
In the current situation, extensions of the Higgs sector with the inclusion of one or
more electroweak doublets and/or of triplets of different hypercharges - in combination
with SM gauge singlets - are still theoretical possibilities in both supersymmetric and non-
supersymmetric extensions of the SM. We have recently shown that a supersymmetric ex-
tension of SM with a Y = 0 triplet and a singlet Higgs superfields [6], called the TNMSSM,
is still a viable scenario, which is compatible with the recent LHC results and the previ-
ous constraints from LEP, while respecting several others direct and indirect experimental
limits. Building on our previous analysis, here we are going to show that the same model
allows a light pseudoscalar in the spectrum, which could have been missed both by older
searches at LEP [7] and by the recent ones at the LHC [1–3].
Concerning the possible existence of an extended Higgs sector, the observation of a Higgs
boson decaying into two light scalar or pseudoscalar states would be one of its direct man-
ifestations. This detection would also allows us to gather significant information about
the cubic couplings of the Higgs and, overall, about its potential. However, so far neither
the CMS nor the ATLAS collaborations have presented direct bounds on the decays of the
Higgs h125 into two scalars. If such scalars are very light (mΦ <∼ 100 GeV), then they cannot
be part of the spectrum of an ordinary CP-conserving minimal supersymmetric extension
of the SM (MSSM). In fact, in that case they are predicted to be accompanied by a heavy
pseudoscalar or by a charged Higgs boson. The only possibilities which are left open require
CP-violating scenarios where one can have a light scalar with a mostly CP-odd component
[8]. Such scenarios, however, are in tension with the recent observations of the decay mode
h→ ττ [9].
The natural possibilities for such hidden Higgs bosons are those scenarios characterized
by an extended Higgs sector. In the next-to-minimal supersymmetric standard model
(NMSSM) with a Z3 symmetry, such a light pseudoscalar is part of the spectrum in the form
of a pseudo Nambu-Goldstone mode [10]. This situation gets even more interesting with
the addition of triplets of appropriate hypercharge assignments [6, 11], as in the TNMSSM.
In the case of a Y = 0 Higgs triplet- and singlet-extended scenarios, the triplet does not
couple to the Z boson and the singlet to any gauge boson, and both of them do not couple
to fermions.
At LEP the Higgs boson was searched in the mass range less than 114.5 GeV via the pro-
duction of e+e− → Zh and e+e− → hiaj (in scenarios with two Higgs doublets), involving
scalar (hi) and pseudoscalar (aj) with fermionic final states. The Y = 0 TNMSSM thus
becomes a natural candidate for the such hidden Higgs possibility and therefore can evade
the LEP bounds [7]. However, the situation gets slightly more complicated for Higgs triplets
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of non-zero hypercharge because they do couple to the Z boson.
In this article we will focus our attention on decays of the Higgs boson into light
scalars and pseudoscalars (h125 → hihj/aiaj). Such light scalar or pseudoscalars, when
characterized by a mostly triplet or singlet component, do not couple directly to fermions
but decay to fermion pairs (b or τ) via their mixing with Higgs bosons of doublet type under
SU(2). Thus their final states are often filled up with b-quarks, and leptons τ and µ’s. The
corresponding leptons and jets are expected to be rather soft, depending on the masses of
the hidden scalars. If the doublet-triplet/singlet mixings in the Higgs sector are very small,
they can give rise to the typical leptonic signature of charged displaced vertices. The goal
of our analysis is to provide a direct characterization of the final states in the decay of a
Higgs-like particle which can be helpful in the search for such hidden scalars at the LHC.
It is organized as follows. After a brief overview of the TNMSSM in section 2, we
investigate in section 3 the decays of the Higgs to a gluon pair and calculate the decay to
two pseudoscalars in section 4. In section 5 we discuss the phenomenology of the hidden
Higgs bosons and select some benchmark points for a collider study at typical LHC energies.
In section 6 we perform a detail collider simulation for the signal and consider all the
dominant SM backgrounds for the chosen final states, presenting the relative results, before
our conclusions, which are contained in section 7 .
2 The Model
As detailed in [6], the superpotential of the TNMSSM,WTNMSSM , contains a SU(2) triplet
Tˆ of zero hypercharge (Y = 0) together with a SM gauge singlet Sˆ added to the superpo-
tential of the MSSM. Its structure can be decomposed in the form
WTNMSSM = WMSSM +WTS , (2.1)
with
WMSSM = ytUˆHˆu ·Qˆ− ybDˆHˆd ·Qˆ− yτ EˆHˆd ·Lˆ , (2.2)
being the superpotential of the MSSM, while
WTS = λT Hˆd · Tˆ Hˆu + λSSˆHˆd · Hˆu + κ
3
Sˆ3 + λTSSˆTr[Tˆ 2] (2.3)
accounts for the extended scalar sector which includes a spin triplet and a singlet superfields.
In our notation a ”·” denotes a contraction with the Levi-Civita symbol ij , with 12 = +1
The triplet and doublet superfields are given by
Tˆ =
√12 Tˆ 0 Tˆ+2
Tˆ−1 −
√
1
2 Tˆ
0
 , Hˆu = (Hˆ+u
Hˆ0u
)
, Hˆd =
(
Hˆ0d
Hˆ−d
)
. (2.4)
Here Tˆ 0 is a complex neutral superfield, while Tˆ−1 and Tˆ
+
2 are the charged Higgs superfields.
The MSSM Higgs doublets are the only superfields which couple to the fermion multiplet
via Yukawa coupling as in Eq. (2.2). The singlet and the triplet superfields account for the
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supersymmetric µD term coupling Hu and Hd, after that their neutral components acquire
vacuum expectation values in Eq. (2.3).
It is a characteristic of any scale invariant supersymmetric theory with a cubic superpo-
tential that the complete Lagrangian with the soft SUSY breaking terms has an accidental
Z3 symmetry. This is generated by the invariance of all of its components after multiplica-
tion of the chiral superfields by the phase e2pii/3 which, as we are going to discuss below,
affects the mass of the pseudoscalars.
The soft breaking terms in the scalar potential are given by
Vsoft = m
2
Hu |Hu|2 + m2Hd |Hd|2 + m2S |S|2 + m2T |T |2 + m2Q|Q|2 +m2U |U |2 + m2D|D|2
+(ASSHd.Hu + AκS
3 + ATHd.T.Hu + ATSSTr(T
2)
+AUUHU .Q + ADDHD.Q+ h.c), (2.5)
while the D-terms take the form
VD =
1
2
∑
k
g2k(φ
†
i t
a
ijφj)
2. (2.6)
As in our previous study, also in this case we assume that all the coefficients involved in the
Higgs sector are real in order to preserve CP invariance. The breaking of the SU(2)L×U(1)Y
electroweak symmetry is then obtained by giving real vevs to the neutral components of
the Higgs field
< H0u >=
vu√
2
, < H0d >=
vd√
2
, , < S >=
vS√
2
< T 0 >=
vT√
2
, (2.7)
which give mass to the W± and Z bosons
m2W =
1
4
g2L(v
2 + 4v2T ), m
2
Z =
1
4
(g2L + g
2
Y )v
2, v2 = (v2u + v
2
d), tanβ =
vu
vd
(2.8)
and also induce, as mentioned above, a µ-term of the form µD = λS√2vS +
λT
2 vT . The triplet
vev vT is strongly constrained by the global fit on the measurement of the ρ parameter [12]
ρ = 1.0004+0.0003−0.0004, (2.9)
which restricts its value to vT ≤ 5 GeV. Respect to the tree-level expression, the non-zero
triplet contribution to the W± mass leads to a deviation of the ρ parameter
ρ = 1 + 4
v2T
v2
. (2.10)
As in [6], in our current numerical analysis we have chosen vT = 3 GeV.
3 Higgs decays into two gluons
In the SM the most efficient production process of the Higgs boson is by gluon-gluon (g)
fusion (Figure (4)). The amplitude is mediated by a quark loop, which involves all the
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qq
q
Hu,d T 0, S
g
g
Figure 1. A Feynman diagram depicting the coupling of gluons to the triplet/singlet, via their
mixing with the doublets.
quarks of the SM, although the third generation, and in particular the top quark, gives
the dominant contribution. In supersymmetric theories the situation is slightly different,
because there are the up-type and down-type Higgs doublets Hˆu and Hˆd that couple to the
up-type and down-type quarks/squarks respectively. Beside the sparticles contribution, the
main difference between the SM and supersymmetric theories comes in the coupling of the
Higgs bosons to fermions. These are given by
ghiuu¯ = −
i√
2
yuRSi1, (3.1)
ghidd¯ = −
i√
2
ydRSi2, (3.2)
ghi`¯` = −
i√
2
y`RSi2, (3.3)
where RSij is the rotation matrix of the CP-even sector. This means that the top/bottom
contribution can be suppressed/enhanced, depending on the structure of hi. The production
cross section for g, g → hi is related to the decay width of hi → g, g. At leading order, this
decay width is given by
Γ(hi → g, g) = GF αsm
3
h
36
√
2pi3
∣∣∣∣∣∣34
∑
q=t, b
ghiqq¯
(
√
2GF )1/2mq
A1/2(τ
i
q) +
∑
q˜=t˜, b˜
ghiq˜q˜
m2q˜
A0(τ
i
q˜)
∣∣∣∣∣∣
2
, (3.4)
where A0 and A1/2 are the spin-0 and spin-1/2 loop functions
A0(x) = − 1
x2
(x− f(x)) , (3.5)
A1/2(x) =
2
x2
(x+ (x− 1)f(x)) , (3.6)
with the analytic continuations
f(x) =

arcsin2(
√
x) x ≤ 1
−14
(
ln
1+
√
1−1/x
1−
√
1−1/x − ipi
)2
x > 1
(3.7)
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and τ ij =
m2hi
4m2j
. We show in Figure 2 the decay width of h1,2 → g, g. In general, this decay
width can be very different from the SM one in the case of supersymmetric theories with
an extended Higgs sector, like the TNMSSM. In fact, in the latter case we have only the
doublet Higgs that couples to the fermions, as shown in Eq. (2.2). This implies that if
the Higgs is mostly triplet- or singlet-like, the fermion couplings are suppressed by RSi1,2,
in the limit of low tanβ. In Figure 2 the dashed line is the SM decay width and the color
code is defined as follow: we mark in red the up-type Higgs (>90%), in blue the down-
type, in green the triplet/singlet-type and in gray the mixed type. A look at Figure 2(a)
and (b) shows that for low tanβ the decay width of a triplet/singlet-type Higgs is heavily
suppressed. This occurs because the triplet and singlet Higgses couple to fermions only
through the mixing with their analogue SU(2) doublets. It is also rather evident that the
shape of the decay widths for Higgses of up-type and of mixed-type are similar to those of
the SM Higgs, for a large range of the mass of the extra Higgses. In Figure 2(a) it is shown
that for a light Higgs which takes the role of h125, the SM decay width can be provided by
the down-type Higgs of the TNMSSM, even in the case of low tanβ. Figure 2(c) and (d)
instead show that for a high value of tanβ the decay width is dominated by the down-type
Higgs, hence by the bottom quark. However it is still possible to have a SM-like decay
width mediated by the top quark. In Figure 2(d) it is quite evident that the bottom quark
contribution has the same shape as in the MSSM [13]. In this case the TNMSSM decay
width of the Higgs is very different from the SM one for mh >∼ 200 GeV.
4 Higgs decays into pseudoscalars
The most important consequence of the Z3 symmetry of the potential is that the mass of
the pseudoscalar is in the GeV range, ma1 ∼ O(10) GeV, if we choose AS,T,TS,κ,U,D ∼ O(1)
GeV. In this situation the decay h125 → a1, a1 can be kinematically allowed. We study the
decay of h125 → a1, a1 via the decay width, given by
Γhi→aj ,aj =
GF
16
√
2pi
M4Z
Mhi
(
1− 4M
2
aj
M2hi
)∣∣∣∣ ghiajajiM2Z/v
∣∣∣∣2 , (4.1)
where the ghiajaj coupling is given in the appendix. In Figure 3(a) and (b) we plot this decay
width as a function of λS and λT respectively. Figure 3(a) shows that for |λS | >∼ 0.3 we
have scenarios in which the Higgs of doublet-type decays into pseudoscalars of singlet-type,
but Figure 3(b) shows no particular structure in the dependence of Γh1→a1,a1 on λT .
Being interested in the fermionic final states of the decay of the SM-like Higgs into
the light pseudoscalar a1, h125 → a1, a1, we gather the relevant coupling of the same
pseudoscalars to fermions, which are given by
gaiuu¯ = −
γ5√
2
yuRPi1, (4.2)
gaidd¯ = −
γ5√
2
ydRPi2, (4.3)
gai`¯` = −
γ5√
2
y`RPi2. (4.4)
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Figure 2. We show a comparison between the SM and the TNMSSM predictions for the decay
width of h1 → g, g (a), h2 → g, g (b) for 1 < tanβ < 15 and h1 → g, g (c), h2 → g, g (d) for
20 < tanβ < 40. We use the color code to distinguish among the up-type (>90%) (red), down-type
(blue), triplet/singlet-type (green) and mixed type Higgses (gray).
Because the triplet, as well as the singlet, do not couple to the fermions, each ai will
decay into fermions only trough a mixing with the doublet Higgses. This means that if
a1 is mostly of triplet or singlet component, its fermionic decay will be suppressed by the
rotation elements RPi1,2. An interesting consequence of this property is that this highly
suppressed decay can generate a displaced vertex for the fermionic final states.
5 Phenomenology and benchmark points
In Table 1 we show the mass spectrum along with the other parameters which are necessary
for the identification of three benchmark points. Together with the recent Higgs data we
have also considered the recent bounds on the stop and sbottom masses [14] and the mass
bounds on the lightest chargino from LEP [15]. We have also taken into account the recent
bounds on the charged Higgs boson mass from both CMS [16] and ATLAS [17]. These
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(b)
Figure 3. We plot the decay width of the h125 to two pseudoscalars (a) with respect to λS and (b)
with respect to λT . The red and orange coloured bands show the region where B(h125 → a1a1) =
20% , 10% respectively.
have been derived in their searches for light in mass, charged Higgs bosons from the decay
of a top quark, and in decays to τ ν¯. The benchmark points 1 and 2 (BP1 and BP2)
are characterized by one hidden Higgs boson, corresponding to a pseudoscalar particle of
singlet-type with a mass of ∼ 20 and 57 GeV respectively. However BP3 has two hidden
Higgs bosons, one of them a pseudoscalar of singlet-type around ∼ 37 GeV and a second
(scalar) one of triplet-type, around ∼ 118 GeV in mass. In the cases of BP1 & BP2, h1 is
the discovered Higgs boson h125, whereas for BP3 it is h2.
We now turn our attention to the decay of the discovered Higgs boson h125 into a light
pseudoscalar pair a1a1. Table 2 shows the branching ratios for the decay of h125, in the case
of the three benchmark points that we have selected. The table shows that for BP1 such
branching ratio (B) is the lowest B(h125 → a1a1) ∼ 10%, while for BP3 it is the highest
B(h125 → a1a1) ∼ 18%. The discovered decay modes are consistent with the 2σ limits of
h125 → WW ∗, ZZ∗, γγ [1, 3]. Such light pseudoscalars - though mostly singlet or triplet
- decay to the fermionic pairs which are kinematically allowed, via the mixing with the
Hu and Hd doublets. This is because both singlet and triplet Higgses do not couples to
fermions (see Eq. 2.3).
For the benchmark point BP3 there is another hidden scalar which is CP-even, with
a mass around ∼ 118 GeV. h125 cannot decay into this state h1, as it is kinematically
forbidden. If this h1 is produced by other means it can have two-body decays to fermion
pairs, as in the case of the a1, via the mixing with the doublets. It will also have three-body
decays (WW ∗, ZZ∗) via its SU(2) triplet charge and the mixing with the doublets.
For these benchmark points we have computed the production cross-sections of a h125
Higgs boson assuming that it is mediated by the gluon-gluon fusion channel at the LHC.
Table 4 presents the cross-sections which include the associated K-factors from the Higgs-
Cross-Section Working Group [18]. In the next section we are going to simulate the pro-
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τ¯ , µ¯, b¯
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Figure 4. Pseudoscalar (triplet/singlet) pair production from Higgs boson produced via gluon-
gluon fusion and their decays, via their mixing with the doublets.
duction of such light pseudoscalars produced from the decay of such h125. The choice of
this particular production process is motivated by its large cross-section and by the rather
clean final states ensued, that favour the extraction of the pseudoscalar a1 pair.
6 Signature and collider simulation
The discovered Higgs boson h125 can decay into two light pseudoscalars, which further decay
into τ or b pairs. The b’s and τ ’s channel are therefore the relevant ones to look into, in the
search for such hidden decay. For this purpose we have implemented the model in SARAH
[19] and we have generated the model files for CalcHEP [20]. These have been used to
generate the decay file SLHA, containing the decay branching ratios and the corresponding
mass spectra. The generated events have then been simulated with PYTHIA [21] via the
the SLHA interface [22]. The simulation at hadronic level has been performed using the
Fastjet-3.0.3 [23] with the CAMBRIDGE AACHEN algorithm. We have selected a jet size
R = 0.5 for the jet formation, with the following criteria:
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Benchmark BP1 BP2 BP3
Points
mh1 ∼ 125 ∼ 125 117.73
mh2 183.58 162.59 ∼ 125
mh3 614.14 982.59 791.37
mh4 965.75 1560.7 1051.6
ma1 20.50 57.02 36.79
ma2 435.83 644.50 620.81
ma3 659.20 1018.1 831.51
mh±1
182.84 162.25 117.47
mh±2
436.04 644.55 620.86
mh±3
626.23 989.77 805.58
mt˜1 894.59 515.27 460.47
mt˜2 961.10 835.45 692.57
mb˜1 629.08 491.37 508.81
mb˜2 948.54 790.93 673.97
tanβ 6.48 4.17 3.55
Table 1. Benchmark points for a collider study consistent with the ∼ 125 GeV Higgs mass, where
the hi=1,2,3,4, ai=1,2,3 are at one-loop and h±i=1,2,3 masses are calculated at tree level. We color in
red the states which are mostly doublets (> 90%) and in blue those which are mostly triplet/singlet
(> 90%). The points are consistent with the 2σ limits of h125 →WW ∗, ZZ∗, γγ [1, 3].
• the calorimeter coverage is |η| < 4.5
• the minimum transverse momentum of the jet pjetT,min = 10 GeV and jets are ordered
in pT
• leptons (` = e, µ) are selected with pT ≥ 10 GeV and |η| ≤ 2.5
• no jet should be accompanied by a hard lepton in the event
• ∆Rlj ≥ 0.4 and ∆Rll ≥ 0.2
• Since an efficient identification of the leptons is crucial for our study, we additionally
require a hadronic activity within a cone of ∆R = 0.3 between two isolated leptons to
– 10 –
Benchmark Branching ratios
Points a1a1 h1h1 a1Z W+W− bb¯ τ τ¯ µµ¯
BP1 0.106 - 4.02× 10−7 0.138 0.695 0.042 1.50× 10−4
BP2 0.162 - 1.43× 10−8 0.136 0.645 0.039 1.39× 10−4
BP3 0.178 - 1.93× 10−6 0.137 0.628 0.038 1.35× 10−4
Table 2. Decay branching ratios of h125 for the three benchmark points, where the h125 mass is
calculated at tree level. The kinematically forbidden decays are marked with dashes. The points
are consistent with the 2σ limits of h125 →WW ∗, ZZ∗, γγ [1, 3].
Benchmark Branching ratios(%)
Points bb¯ τ τ¯ µµ¯
BP1 0.939 0.061 2.20× 10−4
BP2 0.943 0.057 2.04× 10−4
BP3 0.942 0.058 2.07× 10−4
Table 3. Decay branching ratios of a1 for the three benchmark points BPi. The kinematically
forbidden decays are marked with dashes.
ECM σ(gg → h125) in pb
in TeV for benchmark points
BP1 BP2 BP3
13 41.00 41.00 41.00
14 46.18 46.18 46.18
Table 4. Cross-section of gg → h125 at the LHC for center of mass energy of 13 and 14 TeV for
the three benchmark points.
be ≤ 0.15 p`T GeV, with p`T the transverse momentum of the lepton, in the specified
cone.
We keep the cuts in pT of the leptons and the jets relatively low (pT ≥ 10 GeV), as
they will be generated from the lighter pseudoscalar decays. h125, once produced via gluon-
gluon fusion, will decay into two very light pseudoscalars (ma1 ∼ 20 GeV for BP1). The
light pseudoscalars then will decay further into b or τ pairs (see Table 3). The parton level
signatures would be 4b, 4τ and 2b+2τ . In reality, this description is expected to change due
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to hadronization and to the contributions from the initial- and final-state radiation emission
in the presence of b quarks and of τ leptons. The number of jets can indeed increase or
decrease due to these effects. The efficiency of the jet of the b-quark (bjet) is determined
through the determination of the secondary vertex and it is therefore momentum dependent.
For this purpose we have taken - for the bjet’s from tt¯ - the single-jet tagging efficiency equal
to 0.5, while for the remaining components of the final state we have followed closely the
treatment of [24]. Here, in the case of the τjet we have considered the hadronic decay of
the τ to be characterized by at least one charged track with ∆R ≤ 0.1 of the candidate τjet
[25].
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Figure 5. pbjT distribution (left) and p
`
T distribution (right) for tt¯ and for the signal in BP2.
Figure 5 (left) shows the bjet pT coming from the pseudoscalar decays in the case of
BP2 with the dominant background tt¯. Clearly one may observe the that bjet’s coming
from the signal (BP2) are rather soft, mostly with pT . 50 GeV. Figure 5 (right) shows the
transverse momentum pT of the lepton coming from the signal (BP2) and the dominant
backgrounds tt¯ and ZZ. This clearly shows that the signal leptons are very soft (pT . 40
GeV) compared to the corresponding backgrounds.
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Figure 6. (Left) jet-multiplicity (njet) distributions and (Right) pτT distributions for signal events
coming from the pseudoscalars a1 decays for BP2 and the dominant SM backgrounds tt¯, ZZ.
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Next we have investigated the number of jets in the final states after hadronization.
Figure 6 (left) shows the number of jets for the signal (BP2) and for the dominant back-
ground tt¯. Due to the lower cuts in pT , the number of final state jets has increased, in this
case, both for the signal and for the background. The difference is still prominent between
the two, where the signal peaks around 4 jets and tt¯ around 6. Thus a requirement of a
relatively lower number of jets in the final state will remove the dominant tt¯ contribution
quite effectively.
Figure 6 (right) shows the transverse momentum (pτT ) distribution of the τ at parton
level for the signal in BP2 and the dominant ττ backgrounds coming from ZZ and tt¯.
Clearly, the condition of pτT . 50 GeV will reduce effectively the background contributions
to the final state.
6.1 2b+ 2τ
In the case of the TNMSSM, the discovered Higgs boson can also decay into a pair of lighter
mass eigenstates a1a1 and/or h1h1. The possibility of producing such light states specially
as singlet-like pseudoscalars has been discussed in [6], and it is shown in Table 1. Table 2
presents the branching ratios for the decay of h125 for the three benchmark points that we
have selected. Notice that the ratios into the pseudoscalar pair B(h125 → a1a1) is about
10-20%. The a1 pair then decays into b and τ pairs with rates shown in Table 3. We have
selected a final state with 2b + 2τ , where one of the a1 decays into a τ pair and the other
one decays into a b pair. This also enhances the combinatorial factor and thus the number
of events in the final state. The dominant SM backgrounds in this case comes from tt¯, ZZ
and bb¯Z.
Figure 6 (right) shows that the requirement of a lower number of jets (nj) ≤ 5 will
suppress the tt¯ backgrounds. A similar effect is generated by requiring a lower pT on the
τjet’s and bjet’s (pT . 50 GeV). The corresponding τ decays give rise to very soft neutrinos,
and therefore, by demanding a low missing pT ≤ 30 GeV, we can reduce the backgrounds
even further. The b and τ tagging come with their own efficiencies [24] and [25], but this
also helps in suppressing the other multi-jet backgrounds present from the SM.
In Table 5 and Table 6 we present the number of events for the three benchmark points
coming both from the signal and the SM backgrounds at the LHC, for a center of mass
energy of 13 TeV and 14 TeV respectively. The tables also show how their values change
with each additional cut. We ask for a final state with nj ≤ 5, in which we demand the
presence of at least two bjet’s and two τjet’s. In our notations, this request is indicated
in the form: nj ≤ 5 [2bjet + 2τjet]. We will be using the ampersand & (a logical and) to
combine additional constraints on the event, either in the form of particle/jet multiplicites
or kinematical restrictions, and define the signal as
sig1 : nj ≤ 5 [2bjet + 2τjet] & 6pT ≤ 30 GeV.
In the expression above, we have also required that the missing transverse momentum is
smaller than 30 GeV (& 6pT ≤ 30 GeV). In addition we apply some other cuts on the signal
in order to reduce the backgrounds. For instance, in Table 5 we introduce a long sequence
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of such cuts (first column). In the case of BP1, for instance, the significance, after these
selections, is 4.00σ. The two additional conditions p1 and p2 are then applied as alternative
clauses, and are enclosed into separate rows.
The first sequential cuts include the bjet pair invariant mass veto around mZ , the conditon
that |mbb −mZ | > 10 GeV and, around m125, the condition|mbb −mh125 | > 10 GeV. mZ is
the mass of the Z gauge boson andmh125 is the Higgs mass (125 GeV). Similarly, we also put
veto on the invariant mass of the τjet pair as: |mττ −mZ | > 10 GeV and |mττ −mh125 | > 10
GeV. Finally, since we are searching for hidden Higgs bosons, we demand that mττ < 125
GeV and mbb < 125 GeV respectively, where mbb and mττ are the invariant masses of the
b and τ pairs.
From Table 5 and Table 6 we deduce that the most dominant SM backgrounds are
those from tt¯, ZZ, Zh, bb¯h and bb¯Z respectively. Though the 125 GeV bound on the two
invariant masses reduces substantially most of the backgrounds, still the bb¯Z rate remains
relatively large. At this stage the signal significances, for the two benchmark points BP2
and BP3, both cross the 5σ value at an integrated luminosity 100 fb−1, 9.98σ and 5.39σ,
for a center of mass energy of 13 TeV. In the case of BP1 this value is at the level of 4σ.
This is expected, given that in the case of BP2 the branching ratio B(h125 → a1a1) is about
16% (see Table 2) and the pseudoscalar is relatively heavy, with a mass around 57 GeV.
The τjet’s and bjet’s coming from the decays of the a1 are relatively harder (characterized
by a larger momentum) compared to the benchmark points BP1 and BP3, so less events
are cut out by the threshold on the pT cuts. Thus for BP2 we can reach a 5σ level of
signal significance at an integrated luminosity of 25 fb−1, for a given center of mass energy
of 13 TeV. In this case the signal significance stays very similar also at 14 TeV, with little
improvement for each of the BPi’s. The signal significances, in this case, are 4.47σ, 10.18σ
and 5.98σ respectively for BP1, BP2 and BP3.
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Figure 7. Invariant mass distribution of bjet’s (left) and τjet’s (right) for tt¯ and for the signal in
BP2.
.
Next we have analyzed the invariant mass distributions of the bjet pair for the same
benchmark points. Figure 7 (left) presents the bjet pair invariant mass distributions for the
signal in BP1 and BP2, with dominant SM backgrounds coming from tt¯ and bb¯Z. These
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Final states Benchmark Backgrounds
BP1 BP2 BP3 tt¯ ZZ Zh bb¯h bb¯Z
nj ≤ 5 [2bjet + 2τjet] 220.10 591.46 310.19 1824.08 199.50 39.56 11.87 4903.05
& 6pT ≤ 30 GeV
& p
bj1,2
T ≤ 50GeV 211.30 568.14 289.02 410.83 73.04 7.87 3.96 2941.83
& |mbb −mZ | > 10 GeV
& |mbb −mh125 | > 10 GeV 211.30 565.32 289.02 386.18 73.04 7.52 3.96 2614.96
& |mττ −mZ | > 10 GeV 211.30 560.37 289.02 312.23 62.13 6.29 3.46 2397.04
& |mττ −mh125 | > 10 GeV 211.30 560.37 289.02 287.58 62.13 6.18 2.97 2397.04
&mττ < 125GeV 211.30 560.37 289.02 254.71 62.13 6.18 2.97 2397.04
&mbb < 125GeV 211.30 559.66 289.02 230.06 62.13 6.07 2.97 2288.09
Significance 4.00 9.98 5.39
& p1 : |mbb −ma1 | ≤ 10GeV 198.82 281.95 216.04
24.65 0.00 0.22 0.49 326.87
65.73 26.16 1.46 0.49 1307.48
65.73 8.72 1.34 1.00 435.83
Significance 8.47 6.87 8.01
& p2 : |mττ −ma1 | ≤ 10GeV 205.29 229.66 203.63
65.73 3.27 0.33 0.00 0.00
73.95 28.34 1.46 0.49 762.70
41.08 13.08 1.57 1.48 0.00
Significance 12.40 6.94 12.65
Table 5. The number of events for a nj ≤ 5 [2bjet + 2τjet] & 6pT ≤ 30 GeV final state at 100 fb−1 of
luminosity at the LHC, for a center of mass energy of 13 TeV. We require that the original signal
has a number of jets ≤ 5, of which 2 are bjet’s and 2 are τjet’s, with a missing pT (6pT ) ≤ 30 GeV. We
have denoted with pbj1,2T the transverse momentum of the bjet’s, with the two b’s labelled as 1 and
2. The final states are selected by imposing a long list of sequential cuts on the event, indicated
with an ampersand (&). The two additional options p1 and p2 are, however, alternative, and are
imposed as additional constraints (a logical or). For this reason they are enclosed into separate
rows.
results suggest that, given the integrated luminosity, it is possible to resolve the resonant
peak in the mass distribution of the signal. To further clarify this point, we select events
with |mbb − ma1 | ≤ 10 GeV, that we label as p1. The resolutions of these peaks depend
on the specific benchmark point, but this selection reduces the bb¯Z background drastically,
in those cases when ma1 is far separated from the Z gauge boson mass mZ . The signal
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Final states Benchmark Backgrounds
BP1 BP2 BP3 tt¯ ZZ Zh bb¯h bb¯Z
nj ≤ 5 [2bjet + 2τjet] 253.10 641.50 361.69 1530.66 223.72 40.35 19.77 4657.83
& 6pT ≤ 30 GeV
p
bj1,2
T ≤ 50 GeV 248.41 605.68 337.04 294.36 85.11 7.80 7.19 3432.09
& |mbb −mZ | > 10 GeV
& |mbb −mh125 | > 10 GeV 248.41 604.89 337.04 294.36 85.11 7.43 7.19 3432.09
& |mττ −mZ | > 10 GeV 248.41 597.73 337.04 255.11 70.52 6.09 5.39 2819.21
& |mττ −mh125 | > 10 GeV 248.41 597.73 337.04 255.11 70.52 5.97 2.40 2819.21
&mττ < 125 GeV 248.41 596.93 337.04 255.11 69.30 5.85 2.40 2819.21
&mbb < 125 GeV 248.41 596.93 337.04 196.24 69.30 5.85 2.40 2574.07
Significance 4.47 10.18 5.98
& p1 : |mbb −ma1 | ≤ 10 GeV 236.43 326.32 279.49
9.81 2.43 0.37 0.00 490.30
68.68 31.61 1.83 1.20 1348.32
29.43 15.81 1.46 0.00 490.30
Significance 8.70 7.74 9.79
& p2 : |mττ −ma1 | ≤ 10 GeV 241.64 248.32 279.49
19.62 6.08 0.49 0.00 0.00
58.87 24.32 1.58 0.00 1103.17
49.06 14.59 1.10 1.80 122.57
Significance 14.78 6.56 12.93
Table 6. The number of events for a nj ≤ 5 [2bjet + 2τjet] & 6pT ≤ 30 GeV final state at 100 fb−1 of
luminosity at the LHC for center of mass energy of 14 TeV.
.
significances for all the benchmark points cross the 5σ level at an integrated luminosity of
100 fb−1, and at 13 TeV they are equal to 8.47σ, 6.87σ and 8.01σ for BP1, BP2 and BP3
respectively. At a center of mass energy of 14 TeV the significances are 8.70σ, 7.74σ and
9.79σ in the three cases.
Finally, we simulate the τjet invariant mass distributions, as they are expected to be
cleaner than the bjet distributions. Figure 7 (right) shows the invariant mass distributions
for both the signals in BP1 and BP3, and the SM backgrounds from tt¯ and bb¯Z. For this
purpose, similarly to the previous case, we select those events with |mττ −ma1 | ≤ 10 GeV.
For the points which are far away from the Z mass, namely BP1 and BP3, the signal
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significance improves significantly, to 12.40σ and 12.65σ respectively, whereas for BP2 it
is 6.94σ. At a centre of mass energy of 14 TeV these value are 14.78σ, 6.56σ and 12.93σ
for BP1, BP2 and BP3 respectively.
6.2 3τ
In this subsection we consider the case in which both pseudoscalars decay into τ pairs. In
this case we expect to see a final state of 4τ ’ s. Of course, due to the lower branching ratio
in the a1 → τ τ¯ mode, the final state numbers are not very promising at low luminosities.
On top of that, due to a low τ -tagging efficiency for τ ’s of low pT , the final state number
is furtherly reduced.[25]. Keeping this in mind, we search for final states where we have
at least three τ ’s. We tag such τ ’s via hadronic τjet’s, as explained earlier. The dominant
Final states Benchmark Backgrounds
BP1 BP2 BP3 ZZ ZW± hZ
nj ≤ 5 [≥ 3τjet] 95.71 199.27 137.21 186.42 437.17 20.68
& |mττ −mZ | > 10 GeV 94.79 197.15 135.02 163.53 363.43 17.42
&mττ ≤ 125 GeV 94.79 197.15 135.02 158.07 326.56 16.07
& pτj1T ≤ 100 & p
τj2,3
T ≤ 50 GeV 87.85 184.43 123.34 99.21 210.69 8.31
Significance 4.41 8.22 5.93
& p1 : |mττ −ma1 | ≤ 10 GeV 48.55 54.41 64.96
4.36 21.07 0.90
44.70 89.54 2.70
26.16 42.14 3.82
Significance 5.61 3.93 5.55
Table 7. The number of events for a nj ≤ 5 [≥ 3τjet] final state at 100 fb−1 of luminosity at the
LHC with 13 TeV center of mass energy.
SM backgrounds, in this case, come from the association of Z bosons, i.e. from ZZ,
ZW±, Zh along with the triple gauge boson productions, namely from ZZZ, ZZW±,
W±W∓W±, ZW±W∓ and WWW . However, the triple gauge boson backgrounds are
found to be negligible after imposing the cuts (<∼ 0.1) at 100 fb−1. Table 7 and Table 8
show the expected numbers of events for the three benchmark points BPi, together with
the dominant backgrounds, at an integrated luminosity of 100 fb−1. The final state that
we are looking for is characterized by a number of jets nj ≤ 5 among which we tag at least
three of them as τjet’s, defined as
sig2 : nj ≤ 5 [≥ 3τjet].
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Final states Benchmark Backgrounds
BP1 BP2 BP3 ZZ ZW± hZ
nj ≤ 5 [≥ 3τjet] 96.34 224.45 146.73 200.62 499.20 18.28
& |mττ −mZ | > 10 GeV 94.78 222.85 142.62 178.73 408.70 15.11
&mττ ≤ 125 GeV 94.78 222.06 141.80 165.36 382.43 13.65
& p
τj1
T ≤ 100 & p
τj2,3
T ≤ 50 GeV 82.80 205.34 133.58 121.59 265.66 7.56
Significance 3.79 8.38 5.81
& p1 : |mττ −ma1 | ≤ 10 GeV 46.35 62.08 79.74
12.16 20.44 1.71
54.71 122.61 2.44
25.53 67.14 2.56
Significance 5.16 4.00 6.03
Table 8. The number of events for a nj ≤ 5 [≥ 3τjet] final state at 100 fb−1 of luminosity at the
LHC, for a center of mass energy of 14 TeV.
We then add some further kinematical cuts to reduce the backgrounds, as before. These
cuts include the invariant mass veto on the τjet pair, |mττ − mZ | > 10 GeV and we also
demand that mττ ≤ 125 GeV, which allows us to search for hidden resonances. Finally, we
also demand for softer second and third τjet’s by implementing the cuts p
τj1
T ≤ 100 & p
τj2,3
T ≤
50 GeV.
From Table 7 and Table 8 one deduces that the ZW± channel remains the most domi-
nant background of all. The signal significance at this stage for the three benchmark points
are 4.41σ, 8.22σ and 5.93σ for BP1, BP2 and BP3 respectively, at an integrated luminosity
of 100 fb−1 and a center of mass energy of 13 TeV. At 14 TeV these numbers are 3.79σ,
8.38σ and 5.81σ.
As in the previous case, also in this case we try to select events around the pseudoscalar
mass peak by the constraint p1 : |mττ −ma1 | ≤ 10 GeV. The mass resolution depends on
the mass value of a1, but BP1 and BP3 now have more than a 5σ signal significance.
For BP2 ma1 ∼ 57 GeV, and the multiplicities from the backgrounds involving ZZ and
ZW± are more significant than for BP1 and BP3. The signal significance at 13 TeV, with
an integrated luminosity of 100 fb−1 for BP1, BP2 and BP3 are 5.61σ, 3.93σ and 5.55σ
respectively. These values change for collisions at 14 TeV and equal 5.16σ, 4.00σ and 6.03σ
in this second case.
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6.3 2b+ 2µ
The decay rate of the pseudoscalar to µµ¯ is O(10−4), which makes this channel difficult
to observe. If we demand that one of the two pseudoscalars decay into a bb¯ pair and
the other into a µµ¯ pair, the effective cross-section may increase firstly due to the large
branching coming from a1 → bb¯ and, secondly, due to a combinatorial factor of 2, because
of the presence of two pseudoscalars. This gives us the option of investigating a final state
2b+ 2µ.
Table 9 and Table 10 show the corresponding 2µ final states event numbers for the
benchmark points and the dominant SM backgrounds which include tt¯, ZZ, Zh, bb¯h and
bb¯Z at an integrated luminosity of 1000 fb−1. We first consider the 2µ& p`1,2T ≤ 50 GeV
final state, largely dominated by the SM backgrounds (see Tables 9 and 10). Then with
impose further requirements on the numbers of jets and their transverse momentum (pT ),
by defining the signal as
sig3 : nj ≤ 3 [2bjet] &nµ ≥ 2 [|mµµ −mZ | > 5 GeV] & pµ,j1,2T ≤ 50 GeV & 6pT ≤ 30GeV.
The µ-pair invariant mass veto around the Z mass (|mµµ−mZ | > 5 GeV), together with
the condition of having softer bjet’s in the final state (p
j1,2
T ≤ 50 GeV), conspire to reduce the
SM backgrounds coming from the Z bosons quite drastically. Finally, since this final state
- in an ideal situation - should not have any missing energy, we also demand that 6pT ≤ 30
GeV. To reduce the backgrounds even further, and to ensure that we select signatures of
the light pseudoscalar decay below 125 GeV, we impose additional constraints on the µ-pair
and on the bjet-pair invariant masses, around the Z mass and the mass of h125. These are
given by |mµµ −mh125 | > 5 GeV, |mbb −MZ | ≥ 10 GeV and |mbb −mh125 | > 10 GeV.
At this stage, only in the case of BP2 the signal significance reaches the 3.31σ value, while
for BP1 and BP3 these are 1.03σ, and 1.83σ respectively, at 13 TeV. At a center of mass
energy of 14 TeV, instead, the values are 1.08σ, 2.64σ and 1.18σ respectively for BP1, BP2
and BP3. Later we try to enhance the mass peak resolutions on the bb and µµ invariant
mass distributions by imposing the two constraints (denotes as p1, p2)
p1 : |mbb −ma1 | ≤ 10GeV and p2 : |mµµ −ma1 | ≤ 5GeV.
At a center of mass energy of 13 TeV, the mbb peaks are characterized by about a 3σ
signal significance i.e., 3.17σ, 2.63σ and 3.23σ respectively for BP1, BP2 and BP3 at an
integrated luminosity of of 1000 fb−1. At 14 TeV the respective values are 3.17σ, 2.63σ
and 3.23σ respectively for the three benchmarks.
The constraint p2 : |mµµ−ma1 | ≤ 5 GeV, brings BP2 at 5.36σ, BP1 at 2.04σ, and BP3 at
3.22σ, for a center of mass energy of 13 TeV. At 14 TeV the significances are 4.71σ, 3.82σ
and 3.00σ in the three cases, respectively.
6.4 2τ + 2µ
In this section we discuss a scenario where one of the pseudoscalars decays into a τ pair
and the second one into a µ pair. Due to the low branching ratios of these two modes, even
with a large integrated luminosity, the signal remains small. It is however accompanied
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Final states Benchmark Backgroounds
BP1 BP2 BP3 tt¯ ZZ Zh bb¯h bb¯Z
2µjet & p
`1,2
T ≤ 50 GeV 1877.23 3660.42 3167.55 909080 132161 2669.20 657.71 6.3× 106
&nj ≤ 3 & bjet ≥ 2
69.36 226.13 124.07 4765.60 457.87 15.73 14.83 28.60& |mµµ −mZ | > 5 GeV
& p
j1,2
T ≤ 50GeV & 6pT ≤ 30 GeV
& |mµµ −mh125 | > 5 GeV 69.36 226.13 124.07 4190.45 359.76 14.61 14.83 28.60
& |mbb −MZ | ≥ 10 GeV
& |mbb −mh125 | > 10 GeV 69.36 226.13 124.07 4026.11 359.76 13.49 14.83 28.60
Significance 1.03 3.31 1.83
& p1 : |mbb −ma1 | ≤ 10 GeV 64.73 98.93 80.28
328.66 0.00 0.00 4.94 19.67
1150.32 141.72 5.62 9.89 9.53
492.99 43.61 2.25 0.00 0.00
Significance 3.17 2.63 3.23
& p2 : |mµµ −ma1 | ≤ 5 GeV 41.61 148.40 72.98
328.66 43.61 1.12 0.00 0.00
575.15 32.70 0.00 0.00 9.53
410.83 21.80 1.12 4.94 0.00
Significance 2.04 5.36 3.22
Table 9. The number of events for the nj ≤ 3 [2bjet] & ≥ 2µ& 6pT ≤ 30 GeV final state at 1000
fb−1 of luminosity at the LHC, for a center of mass energy of 13 TeV. The constraint (& ≥ 2µ)
requires the presence of at least 2 muons. The clause (& bjet ≥ 2) demands at least 2 jets of b
quarks, denoted as bjet.
by a SM backgrounds for such final states (2τ + 2µ) which is quite suppressed. As in the
previous cases, also in this case we tag the τ via its hadronic decay into a τjet [25]. The
threshold pT cuts both for the τjet and for the muons are kept as low as 10 GeV, since we
are considering the decay of a very light pseudoscalar.
The results of this analysis are reported in Table 11 and Table 12, where we present
the number of events for the benchmark points and the dominant SM backgrounds, for a
center of mass energy of 13 and 14 TeV and an integrated luminosity of 1000 fb−1. We
search for a muon pair and at least two τ ’s in the final state. Though muons (µ) will be
detected as a charged leptons, the τ ’s will be detected via their hadronic decays as τjets’s
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Final states Benchmark Backgrounds
BP1 BP2 BP3 tt¯ ZZ Zh bb¯h bb¯Z
2µjet & p
`1,2
T ≤ 50 GeV 2281.00 4011.37 3362.13 788683 141428 2926.71 946.42 7× 106
&nj ≤ 3 & bjet ≥ 2
67.70 167.14 73.99 5102.21 583.61 20.72 17.97 10.72& |mµµ −mZ | > 5 GeV
& p
j1,2
T ≤ 50GeV & 6pT ≤ 30 GeV
|mµµ −mh125 | > 5 GeV 67.70 167.14 73.99 3630.42 510.66 9.75 11.98 0.00
& |mbb −MZ | ≥ 10 GeV
& |mbb −mh125 | > 10 GeV 67.70 167.14 73.99 3336.06 498.50 9.75 11.98 0.00
Significance 1.08 2.64 1.18
& p1 : |mbb −ma1 | ≤ 10 GeV 67.70 79.60 57.54
196.24 0.00 0.00 0.00 0.00
1373.67 255.33 1.22 0.00 0.00
686.83 24.32 2.44 0.00 0.00
Significance 4.16 1.93 2.08
& p2 : |mµµ −ma1 | ≤ 5 GeV 41.66 103.47 45.21
0.00 36.47 0.00 0.00 0.00
588.72 36.47 0.00 5.99 0.00
98.12 85.11 0.00 0.00 0.00
Significance 4.71 3.82 3.00
Table 10. The number of events for nj ≤ 3 [2bjet] & ≥ 2µ& 6pT ≤ 30 GeV final state at 1000 fb−1
of luminosity at the LHC for center of a center of mass energy of 14 TeV.
[25]. Being the two pseduoscalars light, we require both the µ and the τ jets to be rather
soft (i.e. (p`1,2T &p
j1,2
T ) ≤ 50 GeV) in the final state. This defines the signal as
sig4 : nj ≤ 3 [2τjet] & ≥ 2µ& 6pT ≤ 30 GeV.
Tagging both muons and requiring the cut pT ≤ 50 GeV for the transverse momentum
pT of the τjet, will suppress much of the hard SM backgrounds, favouring the search for a
low mass resonance, in this case a light pseudoscalar. The dominant backgrounds in this
case comes from the SM ZZ and hZ channels. The background due to the a1Z channel is
negligible, due to the mostly-singlet nature of the a1. We have also checked for other triple
gauge boson contributions to this final states, but they are all either zero or negligible. To
reduce further the SM backgrounds we apply a veto on the mass peak of the Z boson, by
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Final states Benchmark Backgrounds
BP1 BP2 BP3 ZZ Zh
2µ&nj ≤ 3 [2τjet]
16.18 14.13 29.19 490.58 28.10
& p
`1,2
T & p
j1,2
T ≤ 50 GeV
& |mµµ −mZ | ≥ 5 GeV 16.18 14.13 29.19 218.03 9.00
& |mττ −mZ | > 10 GeV 16.18 14.13 29.19 163.53 9.00
& |mττ | < 125 GeV 16.18 14.13 29.19 152.62 7.87
Significance 1.22 1.07 2.12
& p1 : |mττ −ma1 | ≤ 10 GeV 11.56 14.13 21.90
0.00 0.00
54.51 1.12
32.70 1.12
Significance 3.40 1.70 2.93
& p2 : |mµµ −ma1 | ≤ 5 GeV 6.94 7.07 0.00
0.00 0.00
0.00 0.00
43.61 2.25
Significance 2.63 2.65 -
Table 11. The number of events for nj ≤ 3 [2τjet] & ≥ 2µ& 6pT ≤ 30 GeV final state at 1000 fb−1
of luminosity at the LHC for a center of mass energy of 13 TeV.
requiring that |mµµ −mZ | ≥ 5 GeV and |mττ −mZ | > 10 GeV respectively. As one may
deduce from Table 11 and Table 12, the application of these two cuts, though reduces the
SM backgrounds quite drastically, does not affect the signal, which remains unchanged.
Finally, we apply the constraint |mττ | < 125 GeV to ensure the search for hidden scalars,
i.e., ma1 < 125 GeV, which causes an even larger suppression of the background. At this
level the signal significances are still below 3σ at 13 TeV and reach 3.20σ only in the case
of the benchmark point BP3, at 14 TeV.
Next we apply the constraint p1 : |mττ − ma1 | ≤ 10 GeV to favour the search for a
possible mass peak of the pseudoscalar and this enhances the signal significance to 3.40σ,
1.70σ and 2.93σ respectively for BP1, BP2 and BP3 at 13 TeV. At 14 TeV these numbers
are 2.47σ, 2.51σ and 3.27σ respectively. Similar peaks around µ pair invariant mass
distribution, i.e. with p2 : |mµµ − ma1 | ≤ 5 GeV, give signal significances of 2.63σ and
2.65σ for BP1 and BP2, at a center of mass energy of 13 TeV. BP3 in this case runs out of
statistics. At 14 TeV the signal significances are 2.05σ, 2.82σ and 2.04σ respectively. The
leptonic modes thus need higher luminosities >∼ 2000 fb−1 in order to reach the discover
– 22 –
Final states Benchmark Backgrounds
BP1 BP2 BP3 ZZ Zh
2µ&nj ≤ 3 [2τjet]
15.62 31.84 41.10 498.50 20.72
& p
`1,2
T & p
j1,2
T ≤ 50 GeV
& |mµµ −mZ | ≥ 5 GeV 15.62 31.84 41.10 145.90 7.31
& |mττ −mZ | > 10 GeV 15.62 31.84 41.10 121.58 3.66
& |mττ | < 125 GeV 15.62 31.84 41.10 121.58 2.44
Significance 1.32 2.55 3.20
& p1 : |mττ −ma1 | ≤ 10 GeV 15.62 15.92 28.77
24.32 0.00
24.32 0.00
48.63 0.00
Significance 2.47 2.51 3.27
& p2 : |mµµ −ma1 | ≤ 5 GeV 5.21 7.96 12.33
0.00 1.22
0.00 0.00
24.32 0.00
Significance 2.05 2.82 2.04
Table 12. The number of events for nj ≤ 3 [2τjet] & ≥ 2µ& 6pT ≤ 30 GeV final state at 1000 fb−1
of luminosity at the LHC for center of mass energy (ECM) of 14 TeV.
limit for a light pseudoscalar.
7 Discussions and conclusions
In this article we have analysed signatures of a supersymmetric extension of the SM, char-
acterized by an extra Y = 0 Higgs triplet and a SM gauge singlet, in view of the recent
and previous Higgs data. In particular, we have investigated the discovery potential of a
light pseudoscalar sector which is present in this model. Our analysis has been performed
assuming as a production mechanism the gluon-gluon fusion channel of the 125 GeV Higgs
h125, and focused on the currents experimental rates on its decay into the WW ∗, ZZ∗ and
γγ derived at the LHC. Given the current uncertainties in these discovered modes as well
as in other (fermionic) modes of the Higgs, we have investigated the possibility that such
uncertainties are compatible with the production of two light pseudoscalars, predicted by
the TNMSSM, which have so far been undetected.
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Benchmarking three points in the parameter space of the model, we have proposed
and simulated final states of the form 2b + 2τ , 3τ , 2b + 2µ and 2τ + 2µ, derived from the
decays of such pseudoscalars. A PYTHIA-FastJet based simulation of the dominant SM
backgrounds shows that, depending on the benchmark points, such light pseudoscalars can
be probed with early LHC data (∼ 25 fb−1) at 13 and 14 TeV. The 2τ + 2µ decay modes
of such states, though much cleaner compared to other channels, need higher luminosity
(∼ 2000 fb−1) in order to be significant. Nevertheless, such muon final states will be crucial
for precision mass measurements of the a1. In this case, due to the Z − a1 − a1 coupling,
one may consider the production of an a1 pair directly at tree-level, and this can enhance
the signal strength by about 10%.
The identification of such hidden scalars would be certainly a signal in favour of an
extended Higgs sectors, but finding the triplet and singlet SU(2) representations of these
extra states would require more detailed searches. Clearly, there are some other distinctive
features of this model respect to the NMSSM. The NMSSM does not have any extra charged
Higgs bosons compared to the MSSM, while the TNMSSM has an extra triplet-like charged
Higgs boson which does not couple to fermions and can decay to h± → ZW±. This
possibility changes the direct bounds derived from searches for a charged Higgs at the
LHC, as well as the indirect bounds on flavour. These changes are due to the doublet-
triplet mixing in the charged Higgs and chargino sectors of the triplet extended model [26].
Such sectors can be very useful in order to establish the SU(2) content of the extra scalars,
since in this model a very light triplet-like charged Higgs states cannot be ruled out [27].
Finally, the superpartners of this triplet- and singlet- like scalars can be dark matter
candidates. In particular, a light pseudoscalar sector provides the much needed annihilation
channel in order to respect the correct dark matter relic density. As we have seen, both
direct and indirect constraints can play a significant role in the searches for scalars in
higher representations of the SU(2) gauge symmetry, setting a clear distinction respect to
the ordinary doublet construction, which is typical of the SM.
Our approach, though specific to the light pseudoscalar sector of the TNMSSM, can
be extended to other models, not necessarily supersymmetric. For instance, it could apply,
generically, to scenarios in which the SM Higgs mixes with a scalar state, for instance a
dilaton, as expected in a possible conformal extension of the SM [28]. Being the dilaton the
pseudo Nambu-Goldstone mode of broken scale invariance, and hence very light, we expect
some similarities in the analysis. This is left to future work.
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A Higgs coupling to pseudoscalars
Here we report the vertex ghiajak which we used in the calculation of the decay width
Γh1→a1,a1 . The vertex is
ghiajak = i
√
2AκRPj3RPk3RSi3 −
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2
AS
[
RPj3
(
RPk1RSi2 +RPk2RSi1
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